Experimental results are presented which describe the development and structure of flow downstream of two staggered rows of film-cooling holes with compound angle orientations at high blowing ratios. These film cooling configurations are important because they are frequently employed on the first stage of rotating blades of operating gas turbine engines. With this configuration, holes are spaced 3d apart in the spanwise direction, with inclination angles of 24 degrees, and angles of orientation of 50.5 degrees. Blowing ratios range from 0.5 to 4.0 and the ratio of injectant to freestream density is near 1.0. Results show that spanwise averaged adiabatic effectiveness, spanwise-averaged iso-energetic Stanton number ratios, surveys of streamwise mean'velocity, and surveys of injectant distributions change by important amounts as the blowing ratio increases. This is due to injectant lift-off from the test surface just downstream of the holes which becomes more pronounced as blowing ratio increases.
INTRODUCTION
ilm holes with compound angle orientations are inclined to the test surface so that the coolant is ejected with a spanwise velocity component relative to the mainstream flow. Simple angle holes produce coolant without spanwise velocity components. Film holes with compound angle orientations are often used in place of simple angle holes because they are believed to produce injectant distributions over surfaces which give better protection and higher film effectiveness values. The results in this paper address the behavior of film cooling from compound angle holes at blowing ratios ranging from 0.5 to 4.0.
Other investigations of film cooling from holes with compound angle orientations are described by Mayle and Camarata (1975) , Kim et al. (1978) , Mehendale and Han (1991) , Ligrani et al. (1992 Ligrani et al. ( , 1994a Ligrani et al. ( , 1994b , Sen et al. (1994) , Schmidt et al. (1994) , and Ekkad et al. (1995a and Ekkad et al. ( , 1995b . Of these, Mayle and Camarata (1975) studied the effects of hole spacing and blowing ratio on heat transfer and film effectiveness for a staggered-hole array.
The holes were angled 30 degrees to the plate surface in planes oriented 45 degrees from the flow direction. Spanwise spacings between holes were 8d, 10d and 14d. Higher values of effectiveness were measured downstream of the holes with the smaller spacings. Kim, Moffat and Kays (1978) investigated heat transfer to a full coverage, film-cooled surface with holes having the same angles as employed by Mayle and Camarata (1975) . For one injection temperature and one blowing ratio, Kim et al. (1978) concluded that heat transfer coefficients downstream of the compound angle configuration were half as high as ones measured downstream of simple angle holes slanted 30 from the test surface. In a study of turbine vane leading edge heat transfer, Mehendale and Han (1991) employed compound angle holes angled 30 degrees to the surface in planes oriented 90 degrees from the flow direction. Ligrani et al. (1992 Ligrani et al. ( , 1994a Ligrani et al. ( , 1994b Sen et al. (1994) , compare adiabatic effectiveness and iso-energetic heat transfer coefficient ratio from three different hole arrangements, one simple angle, one compound angle, and one compound angle with diffusing expanded exit.
Other investigations of lateral film cooling injection from holes in spanwise/normal planes are described by Goldstein et al. (1970) , Fukagawa (1987), Sathyamurthy and Patankar (1990) , Honami et al. (1994) , and Ligrani and Ramsey (1996) . Compared to streamwise injection from simple angle holes, measurements from Goldstein et al. (1970) indicate that lateral injection produces more effective cooling because the film is located closer to the wall. Honami and Fukagawa (1987) describe temperature profiles, Velocity profiles, and turbulence intensity profiles produced by streamwise and lateral injection over flat and concave curved surfaces. Sathyamurthy and Patankar (1990) predict lateral film cooling from single rows of holes spaced 3d, 4d and 5d apart. According to these investigators, laterally injected films show almost no change in tendency to lift-off as blowing changes from 0.1 to 1.0. Honami et al. (1994) present surface temperature distributions, and surveys of time-averaged velocity and temperature over flow cross sections downstream of a row of lateral holes with 5d spanwise spacing. A large scale asymmetric vortex is described on one side of the film distribution which becomes more asymmetric as the blowing ratio increases. Ligrani and Ramsey (1996) describe results from spanwise oriented holes spaced 3d apart in the spanwise direction and inclined at 30 degrees from the test surface. Adiabatic effectiveness magnitudes are higher and lower than ones downstream of a compound angle configuration depending upon the blowing ratio and non-dimensional streamwise location.
The present paper gives results from compound angle film holes at blowing ratios which are higher than the ones presented in other earlier studies by Mayle and Camarata (1975) , Kim et al. (1978) , Mehendale and Han (1991) , Ligrani et al. (1992 , 1994a , 1994b , Schmidt et al. (1994) , Ekkad et al. (1995a Ekkad et al. ( , 1995b , Goldstein et al. (1970) , Fukagawa (1987), Sathyamurthy and Patankar (1990) , Honami et al. (1994) , and Ligrani and Ramsey (1996) .
EXPERIMENTAL APPARATUS AND PROCEDURES
Details on the experimental apparatus and procedures are presented by Ligrani et al. (1992 Ligrani et al. ( , 1994a Ligrani et al. ( , 1994b and by Ligrani and Ramsey (1995) . A brief summary is also included here.
Wind Tunnel, Coordinate System and Injection System
The wind tunnel is the same one used in the experiments of Ligrani, Ciriello and Bishop (1992 The injection system is described by Ligrani, et al. (1992 Ligrani, et al. ( , 1994a . With this system and test plate heating, the non-dimensional injection temperature parameter 0 is maintained at values ranging from 0.0 to 3.0, which includes values within the range of gas turbine component operation. The ratio of injectant to freestream density Pc/P is from 0.94 to 1.00. The upper surface of the plenum chamber is connected to the injection tubes of the different injection configurations, where each tube is about 7.6 cm long, giving a length to diameter ratio of about 8.
Stanton Number Measurements
The heat transfer surface is also described by Ligrani et al. (1992 Ligrani et al. ( , 1994a Ligrani et al. ( , 1994b (1992, 1994a, 1994b) provide additional details.
INJECTION CONFIGURATION
A schematic drawing showing the film hole geometry is presented in Figure 2 . Here, the hole arrangement along the test surface (x-z plane) is shown as seen in the negative y direction. In each case, holes are placed in two rows such that the holes are staggered with respect to each other. Each row contains five injection cooling holes arranged so that the centerline of the middle hole in the downstream row is located on the spanwise centerline (z 0.0 cm) of the test surface.
The present injection configuration is designated by Ligrani et al. (1992, 1994a, 1994b) The adiabatic effectiveness data in Figure 3 for blowing ratios of 0.5, 1.0 and 1.5 are now discussed. At x/d less than 20, values decrease with blowing ratio because of the lift off of injectant from the test surface. However, as the boundary layers advect farther downstream, fi values for m 0.5 are lower than values for m 1.0 and m 1.5 since a smaller amount of film is spread along the test surface. These differences also result partially because of the different ways in which the injectant spreads along the test surface. When m 0.5, the injectant is fairly uniform along the test surface, especially for x/d > 40. However, at the higher blowing ratios greater than or equal to 1.0, the injectant from an individual hole in the upstream row of holes coalesces with the injectant from the nearest individual hole in the downstream row of holes (Ligrani et al., 1994a (Ligrani et al., , 1994b ).
This results in adiabatic effectiveness distributions which are spatially non-uniform across the test surface span at x/d as large as 98.7. As a result, increasing the blowing ratio from 0.5 to 1.5 gives little increase in film protection from the holes in the upstream row because little film from these holes is near the test surface. This is 12 mm According to Ligrani, Ciriello and Bishop (1992) , lift-off of the injectant from two rows of compound angle holes (with 3.9d spanwise spacing) is probably occurring at momentum flux ratios between 1.0 and 2.0. The present data for 3.0d spanwise spacing show similar behavior. In contrast, the simple angle configuration show significant decreases of effectiveness as momentum flux increases from 0.25 to 1.0 indicating lift-off at a lower value of momentum flux (Ligrani et al., 1994a ).
These differences result, first of all, because the lateral component of momentum of the injectant from the compound angle holes causes the injectant to spread out much more in the lateral direction as it is advected downstream and penetrates into the mainstream. Second, the hole angles with respect to the test surface are 24 degrees for the compound angle arrangement compared to 35 degrees for the simple angle arrangement.
Adiabatic effectiveness data at blowing ratios from 1.5 to 4.0 are now discussed. Figure 3 shows 2.0, and 3.0. In each case, contour levels of local streamwise mean velocity normalized by the freestream mean velocity, U/U, are given. At m 1.5, velocity deficits in Figure 5 are skewed and flattened with the largest velocity gradients at y/d ranging from 0.5 to 2.0 which appear to be largest in the direction that film is ejected from the surface. Because of the negative spanwise components of velocity at the exits of the film holes, deficits are also displaced -2.0d to -2.5d by the time they reach x/d 9.9. Here, every other deficit is different such that deficits from holes in the upstream row of holes are smaller than ones from holes in the downstream row. As the m 1.5 film cooled boundary layer advects downstream, results from Wigle (1991) show that deficits resulting from injection from the downstream row of holes persist, whereas injectant deficits from the upstream row of holes become less apparent. This occurs because injectant from upstream holes eventually merges and coalesces with injectant which originated from holes in the downstream row. Consequently, half as many velocity deficits are eventually present across the measurement plane at x/d of 44.3 and 86.3 compared to results at the x/d 9.9 location (Wigle, 1991) . Similar behavior are observed at m 1.0 (Ligrani et al., 1994a) . Figure 5 shows that injectant from individual holes in the upstream row has merged with injectant from adjacent holes in the downstream row at m 2.0 and m 3.0 for x/d 9.9. However, instead of streamwise mean velocity deficits, local U/U maxima evidence film concentrations since blowing ratios are considerably greater than 1.0. This results in local U/U values greater than 1.2 for m 2.0 and greater than 1.4 for m 3.0 at x/d 9.9 in spite of considerable injectant advection and diffusion between this location and x/d 0. The local U/U maxima are also located considerably away from the test surface, evidencing strong lift-off of the film at these high blowing ratios. distributions are obtained using procedures described by Ligrani et al. (1989) in which the injectant is heated without providing any heat to the test plate. With this approach, the injectant is the only source of thermal energy relative to the freestream flow. Distributions of (T Tr, ), such as the ones in Figure 6 , thus show how injectant accumulates and is rearranged in the boundary layer by advection including any secondary flows which may be present. Thus, the temperature field is employed here to show injectant distributions in the spanwise/ normal plane at x/d 9.9.
In Figure 6 , skewed and lop-sided injectant concentrations are evident in the spanwise/normal plane at x/d 9.9 for m 1.5, m 2.0, and m 3.0 where accumulations from the downstream row of holes cover larger portions of the measurement plane than accumulations from the upstream row of holes. Each accumulation from an individual hole in the downstream row of holes is also in close proximity with the accumulation from the nearest hole in the upstream row. This is evidenced for x/d 9.9 in Figure 6 , in particular for m 1.5 and m 2.0, by connected regions of injectant concentration in the spanwise/normal plane for each pair of holes. Between these concentrations, well defined deficits of injectant are evident which closely correspond with "q minima (Wigle, 1991; Ligrani et al., 1994a) . With streamwise advection to x/d of 44.3 and 86.3, injectant accumulations become more diffuse and dissipated (Wigle, 1991; Ligrani et al., 1994a) . In addition, the injectant concentrations from the upstream row of holes completely merge with the concentrations from the downstream row of holes resulting in half as many accumulations across the span of the measurement plane at x/d of 44.3 and 86.3 compared to x/d 9.9.
The behavior shown in Figure 6 is consistent with the velocity surveys shown in Figure 5 , since injectant accumulations for all three m show close correspondence to streamwise velocity deficits or streamwise mean velocity local maxima. One injectant accumulation is present for each velocity local maxima or local minima such that accumulations generally lie just to the right (at larger Z) of streamwise velocity deficits.
Another interesting feature of the results in Figure 6 are the spanwise locations of the film concentrations, which are located at smaller z/d from individual film holes as m increases. In addition, the injectant distributions surveys in Figure 6 are consistent with the velocity surveys in Figure 5 since the largest injectant concentrations are also located considerably away from the test surface, evidencing strong lift-off of the film. This is especially true for m 2.0 and m 3.0. For m 2.0, the largest injectant concentrations are located at y/d between 1.5 and 2.0, and for m 3.0, the largest injectant concentrations are located at y/d between 1.5 and 2.5.
SUMMARY AND CONCLUSIONS
Experimental results are presented which describe the development and structure of flow downstream of two staggered rows of film-cooling holes with compound angle orientations at blowing ratios ranging from 0.5 to 4.0. With this configuration, which is denoted number 3, holes are spaced 3d apart in the spanwise direction with inclination angles of 24 degrees, and orientation angles of 50.5 degrees. Results are presented for an injectant to freestream density ratio near 1.0, and x/d ranging from 6.8 to 98.7.
Spanwise-averaged values of the adiabatic film cooling effectiveness measured downstream of configuration 3 at x/d 6.8 are highest with a blowing ratio of 0.5, and decrease with blowing ratio because of injection jet lift-off effects for. Lift-off at m 1.5, m 2.0, and m 3.0 is confirmed by injection distribution surveys which also show that injectant from an individual hole in the upstream row coalesces with the injectant from the closest hole in the downstream row. This produces spanwise periodic concentrations of injectant and local protection at x/d 6. 
